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Abstract|The next generation of medical CT scanners will

measure up to 16 slices or more simultaneously which will re-

quire dedicated cone{beam reconstruction algorithms. The

basic requirements for medical CT are high image quality

and fast reconstruction (reconstruction of a complete vol-

ume within a few minutes is desired). Due to the small

cone{angle (typically a few degrees only) approximate cone{

beam reconstruction will be the method of choice. A very

promising candidate is the advanced single{slice rebinning

(ASSR) which rebins the cone{beam data to parallel beam

data on tilted reconstruction planes (R{planes) and uti-

lizes 2D reconstruction algorithms to obtain tilted images

[Med. Phys. 27(4), 754{772 (2000)].

In its original form ASSR allows to reconstruct 3D data

for a �xed pitch obtained with a non{tilted gantry. However,

medical demands are manifold: the pitch must be freely se-

lectable, gantry tilt scans are required and, last but not

least, cardiac applications require phase{correlated 4D re-

constructions. We have therefore generalized the ASSR al-

gorithm by adding the following three attributes: a) the

table increment per rotation is now correctly taken into ac-

count as the vector dd, b) the restriction on the optimality

of the R{planes is loosened to allow for more than one R{

plane per reconstruction position and c) the �nal volume

is generated using adjustable weigths for the tilted images.

These weights are used to balance between image quality

and dose usage and to select a desired cardiac phase in the

�nal volume. This (tilted) image to (cartesian) volume (I2V)

weighting approach can be performed in real{time. To eval-

uate the new method we have simulated cone{beam rawdata

of a thorax and a cardiac motion phantom.

The generalized ASSR approach in combination with I2V

shows very good results even for low pitch (p < 1:5) scans.

Since slightly more artifacts appear for the low pitch case

with full dose usage (equal weights for all planes) it is nec-

essary to provide real{time access to the weights. The car-

diac reconstructions are of high image quality but slightly

lower temporal resolution as compared to the gold standard

180
�
MCI.
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I. Introduction

F
UTURE medical CT scanners will scan signi�cantly

more than four slices simultaneously. Major CT ma-

nufacturers have announced scanners of up to 16 slices for

the end of 2001. Neglecting the cone{angle of the scanner

as it is done in today's 4{slice reconstruction algorithms

will then yield unacceptable image artifacts [1]. Therefore,

there is a need for fast and e�cient cone{beam reconstruc-

tion algorithms. Although a large number of more or less

e�cient algorithms have been developed in the last decade
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[2], none of them meets all requirements of medical CT:

a) correct handling of the gantry tilt, b) arbitrary spiral

pitch while using the full detector area and c) the abil-

ity of performing a 4D cardiac reconstruction. Whereas

the gantry tilt problem can be solved in principle for all

the existing algorithms by simply reformulating the coor-

dinate transformations solving the other restrictions is not

straightforward.

We therefore generalize the ASSR (advanced single{slice

rebinning) algorithm [3] to ful�ll these requirements. The

ASSR algorithm, as an advancement of Noo's single{slice

rebinning algorithm [4], �ts tilted reconstruction planes

to the spiral trajectory to perform a rebinning from the

3D cone{beam data to 2D parallel{beam data on these

R{planes. The reconstruction then uses a standard 2D

method (e.g. �ltered backprojection) and the set of recon-

structed tilted images is interpolated in the z{direction to

obtain the �nal volume [3] (a similar method which has

never been evaluated was proposed in [5]). Since ASSR has

turned out to be very promising [6], [7] two generalizations

thereof have been proposed: one for the case of arbitrary

gantry tilt [8] and one to allow for arbitrary pitch [9]. The

results are encouraging and led to the development of an

even further generalization to combine these approaches.

The new approach presented here uses the rebinning equa-

tions of reference [8] together with the idea to losen the

restriction of the R{planes to allow for more than one R{

plane per reconstruction position [9]. A novel idea of our

approach is to weight each available image before it is inter-

polated into the �nal volume. The weights can be chosen to

trade o� between high image quality and high noise (i.e. as-

signing smaller weights to R{planes which are less optimal)

or lower image quality and lower noise (i.e. assigning the

same weight for each plane regardless of its optimality).

As a spin{o�, the generalized ASSR combined with I2V

allows to perform 4D reconstructions for low pitch scans

with periodically moving objects. The weights of images

corresponding to cardiac phases which should not appear

in the volume are simply set to zero. Details of cardiac

CT scanning and the restrictions on the maximum pitch

as a function of the patient's heart rate can be found in

references [10], [11], [12].

In this paper, we will outline the generalized ASSR al-

gorithm and the weight selection and give some descriptive

examples.



II. Simulations

To evaluate our new approach we have simulated spiral

cone{beam data corresponding to the in{plane geometry

of a typical medical CT Scanner (1160 projections per ro-

tation, 672 detector channels per detector row, and a fan

angle � = 52�) using a dedicated x{ray simulation tool

(ImpactSim, VAMP GmbH, M�ohrendorf, Germany). Two

phantoms have been simulated: the thorax phantom de-

scribed in the phantom data base http://www.imp.uni{

erlangen.de/forbild and the cardiac motion phantom de-

scribed in [11].

For the thorax scan in standard mode we have chosen a

collimation of 16 � 1 mm and we have performed simula-

tions for 4 mm, 8 mm, 16 mm and 24 mm table increment

per rotation.

Since shorter rotation times and thinner slices are ex-

pected for the future we have simulated the cardiac motion

phantom for a wide range of heart rates fH with 0.375 s

rotation time (160 rpm), 12�0:5 mm collimation and a ta-

ble increment of d = 2 mm. This allows to cover the heart

(typically 12 cm to 15 cm axial length) within less than

30 s (single breath{hold). Evaluating the thorax phantom

in cardiac mode yields too huge data sets due to the highly

overlapping and �ne sampling in z. Thus we scaled the tho-

rax scan by a factor of 2 in the z{direction, i.e. 12� 1 mm

and d = 4 mm (even so, the rawdata �le size is 2.5 Gigs).

III. Reconstruction

The reconstructions shall be centered about the views

n��R where ��R is the so{called reconstruction increment

and should be chosen small enough to ensure full detector

usage and resolution [3]. The integer n counts the recon-

struction positions. For each reconstruction position �R

an optimal R{plane which minimizes the mean square de-

viation �mean of the plane to the spiral trajectory within

the interval �R � �=2 to �R + �=2 can be computed [8].

Using these planes only, reconstruction for low pitch would

be possible, but parts of the detector would remain un-

used and thus would have to be collimated out. Since we

want to be able to use the full detector, our new approach

allows to reconstruct more than one tilted image from a

given reconstruction position. Assuming M images per re-

construction position the set of all R{planes is given (in

normal representation) as

Rnm : nnm � r � anm = 0

with m = 1; : : : ;M . The anm are chosen equidistant in

m as anm = an +m�aM . The increments ��R and �aM

together with the value of M are chosen to ensure full de-

tector usage. The normal vectors nnm are chosen for a

given anm to minimize the mean square deviation

�2

nm
=

1

�

�R + 1

2
�Z

�R �
1

2
�

d�
�
nnm � s(�)� anm

�2

with s(�) being the spiral source trajectory and �R =

n��R. The minimization procedure is described in [8].

IV. Image Weights

We make use of two possibilities of weighting the individ-

ual images prior to volume interpolation. For a standard

reconstruction, the image weights are chosen as

wnm =

�
1

�nm

�q
with q � 0 :

The quality parameter q is used to balance between best

dose usage (q = 0, making full use of non{optimal R{

planes) and best image quality (q = 1, only using the

optimal R{planes and neglecting non{optimal ones).

For cardiac 4D reconstruction we additionally use the

cardiac phase c(�) 2 [0; 1), which is a function of the view

angle � and describes the cardiac motion relative to R-R,

to weight the images. The user desires to reconstruct the

images at the reconstruction phase cR. The mean square

deviation of the cardiac phases contributing to reconstruc-

tion position �R = n��R from the target phase cR is de-

�ned as

�2

n
=

1

�

�R + 1

2
�Z

�R �
1

2
�

d�
�
c(�)� cR

�2
:

Here, we implicitly assume a proper handling of the modulo

property of the cardiac phase. We de�ne the cardiac weight

as

wn =

�
1

�n

�q0
with q

0
� 0

and again we have a quality parameter available to adjust

the image quality.

V. Image to Volume Weighting

The �nal step is to perform an interpolation from a set

ffnm(x; y; z)g of tilted images (each with weight wnm) to a

cartesian volume f(x; y; z). In general, this can be achieved

by convolving the reconstructed planes with a three dimen-

sional interpolation kernel k(x; y; z) followed by proper nor-

malization:

f(x; y; z) =

X
nm

wnmfnm(x; y; z) � k(x; y; z)

X
nm

wnm1nm(x; y; z) � k(x; y; z)
: (1)

The indicator function 1nm is 1 if (x; y; z) 2 Rnm and 0

elsewhere. Since ASSR does not require interpolations be-

tween image pixels in the x and y direction, the interpola-

tion kernel reduces to a function of z only: k(z). Its shape

is currently chosen triangular and care is taken that the

z{kernel is wide enough to avoid gaps in the �nal volume:

the denominator of (1) must be positive 8x; y; z. Using lo-

cal kernels k(x; y; z; x0; y0; z0) and spatially varying weights

wnm(x; y; z) may be of advantage but is not discussed here

because this is beyond this short paper's scope. More so-

phisticated I2V methods such as modifying the kernel and

the weights as a function of the cardiac information are

under further investigation.
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Fig. 1. ASSR, 16�1mm collimation, 8 mm table increment. Coronal
and sagittal MPRs of the thorax phantom. I2V using all planes
(q = 0, top) vs. I2V using optimal planes only (q = 1, bottom).
Noise is increased by a factor of 1.7 for the latter case. (0/100)

VI. Results

In general, using non{optimal planes due to overlapping

data acquisition shows no signi�cant disadvantage as com-

pared to the maximum pitch (p = 1:5) approach (original

ASSR) except for the longer reconstruction time. This is

demonstrated in �gure 1 showing di�erences only in image

noise which is increased by a factor of 1.7 for the reconstruc-

tion using only the optimal planes (this reconstruction is

equivalent to a p = 1:5 scan with fewer slices). The in-

crease in noise can be understood as follows: to achieve a

table increment of 8 mm, a collimation of 5� 1 mm would

su�ce (pitch 1.5). Thus, only 5=16{th of the detector are

used by q =1 which is roughly 1=1:72.

To demonstrate di�erences apart from the image noise

between the ASSR approach only using the optimal planes

(q = 1) and the one making full use of the patient dose

(q = 0) it is necessary to look at transaxial planes (as we

have seen that no signi�cant di�erences can be observed

in MPR displays for the geometry we simulated). There-

fore, �gure 2 shows a slice in the shoulder region where

attention should be paid to the four spheres representing

the humerus. Especially one of the spheres is surrounded

by artifacts for q = 0 whereas they are imaged artifact{

free for the optimal q = 1 case. A similar behavior can

be observed for the ribs (no images shown). The streaks

emerging from these spheres may lead to misdiagnosis: the

real patient anatomy contains more complex objects close

to the lung. An example may be the heart which is often

�lled with contrast agent. Making use of I2V's real{time

capabilities and evaluating the volume as a function of q

helps to resolve such ambiguities.

The reconstructions of our virtual heart phantom (phan-

tom and motion function are de�ned in [11]) in �gure 3

(fH = 70 min�1 and 130 min�1) demonstrate the capabil-

ity of I2V ASSR to resolve motion. We have chosen q
0 =1

for these reconstructions, except for the non{cardiac image

which has been produced with q
0 = 0 to force equal weights

for all planes. The images show optimal quality for low

heart rates and less optimal quality for the high heart rate

case. This is not surprising, since ASSR is a partial scan

algorithm that makes use of 180� data always and its tem-
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Fig. 2. ASSR, 16� 1 mm collimation, d = 8 mm. The slices show
a slight decrease of noise and an increase of artifacts when using
all planes with equal weights (q = 0, top) in comparison to using
only the optimal planes (q =1, bottom). (0/100)

poral resolution is trot=2. In that respect, it is similar to

the partial scan cardiac algorithm 180�MCD [11].

Reconstructions of the same data and the same slices

using the multi-slice gold standard 180�MCI (Multi-slice

Cardio Interpolation, images not shown here) are slightly

superior due to the better temporal resolution of the multi{

phase approach 180�MCI. However, 180�MCI is not suited

for cone{beam scanners since 180�MCI does not take into

account the cone{beam nature of the x{rays. To demon-

strate this, we have reconstructed the thorax phantom in

the cardio mode (q0 =1) using ASSR and 180�MCI. The

results (�gure 4) show clearly the advantages of ASSR over

180�MCI. Especially in the humerus severe geometric dis-

tortions appear in 180�MCI. Some of the spheres appear

to be egg{shaped. Artifacts are also apparent in the ASSR

reconstruction. These are due to using only a few recon-

struction positions (q0 = 1). In general, for ASSR no ge-

ometric distortions appear and the artifacts are less severe

than for 180�MCI.

VII. Discussion

Our results indicate that there is no signi�cant disadvan-

tage of performing overlapping data acquisition and using

non{optimal reconstruction planes instead of doing a high{

pitch scan with optimal planes only. For transaxial planes,

however, it seems to be of interest to be able to change the

weight strategy on{line.

Of course, if the tube current is not the restricting factor

of the scan, overlapping data acquisition should be avoided

and the pitch should be set to 1.5, which is the optimal

pitch for ASSR. Low pitch should be used only if one in-

tends to accumulate dose to further decrease the image

noise.

For the new cardiac approach, promising results can be

obtained for the cardiac motion phantom within a wide

range of heart rates.



fH = 70 min�1 fH = 130 min�1

� = 18 HU � = 19 HU

Non{cardiac (zero exponent)

� = 40 HU � = 33 HU

Slow motion phase (cR = 0%)

� = 38 HU � = 26 HU

Medium motion phase (cR = 30%)

� = 37 HU � = 28 HU

High motion phase (cR = 50%)

Fig. 3. ASSR for various weighting strategies and low (left column,
70 min�1) and high (right column, 130 min�1) heart rates. The
MPRs extend over 17 mm in the z{direction and show the 3 mm
calci�cations. Image noise � is given for a circular ROI centered
in the lower heart region. (0/500)

180�MCI ASSR (cardio mode)

Fig. 4. 180�MCI and ASSR for fH = 70 min�1. (0/100)

The conclusions that can be drawn from a simulation

study are restricted, however. The algorithms, the weight-

ing strategies and the cardiac reconstruction will undergo

further evaluation using real patient data and the expertise

of radiologists.
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